Seven unsymmetrical heptamethine dyes with carboxylic acid functionality were synthesized and characterized. These nearinfrared dyes exhibit outstanding photophysical properties depending on their heterocyclic moieties and molecular structure. As proof of principle, the dyes were used as photosensitizers in dye-sensitized solar cells. Using the most promising dye, an overall conversion efficiency of 1.22% and an almost colorless solar cell were achieved.
Introduction
In order to achieve chromophores which absorb light in the far red or even in the near-infrared region (NIR), increased efforts were made by developing new molecular dye structures and synthetic strategies or by investigating basic structure property relationships. Intense absorption in the NIR is mandatory for many technologies and applications, for example, energy conversion in photovoltaic cells [1] . However, while many dyes provide absorption from the visible to the NIR [2, 3] range, only few absorb in the NIR only and are able to convert energy efficiently. Particularly for application in dye-sensitized solar cells (DSCs), only a few dye classes with appropriate molecular design are known to be viable NIR absorbers: squaraine dyes, croconine dyes, diketopyrrolopyrrole derivatives, and polymethine dyes with a single absorption maximum, max , above 700 nm. Recently, Park et al. comprehensively reviewed the NIR sensitization in DSCs [4] . Polymethine dyes [5] , in particular, the subclass of heptamethine dyes, exhibit outstanding photophysical properties, for example, absorption maximum ( max ) above 700 nm with high molar extinction coefficient ( ) of over 100000 Lmol −1 cm −1 . Furthermore, heptamethine dyes can be obtained via straightforward and cost-effective synthesis in high yields in contrast to metal complex photosensitizers. In this context, several publications reported about synthesis and first applications of heptamethine dyes in DSCs [6] [7] [8] [9] [10] [11] . In common with all reported heptamethine dyes, the essential carboxylic acid anchor group was symmetrically positioned either at the heterocyclic moieties or the alkyl chains which are substituted to the nitrogen atoms of the heterocycles or at the cyclohexene moiety of the polymethine chain. Following the concept and molecular design of unsymmetrical squaraine dyes which were synthesized and successfully applied [12] [13] [14] [15] in our previous works [16] [17] [18] , we report on the synthesis, characterization, and application of unsymmetrical heptamethine dyes Hepta1-Hepta7 with one carboxylic acid anchor group (Figure 1) . Here, the anchor group is in conjugation with one of the heterocyclic moieties (indole-or quinoline-derivative). The polymethine core is rigidified by a cyclohexene moiety which is substituted by a chlorine atom or phenyl-group.
The second terminating heterocycle (benzindole-, quinoline-, and thiazole-derivative) is chemically different from the first heterocycle carrying the anchor group. In order to improve solubility in organic solvents and to hinder dye aggregation during immobilization on the semiconductor, the heterocycles were substituted with long alkyl chains.
Materials and Methods

General Information.
Solvents and other chemicals were purchased from commercial sources (Aldrich, VWR, FEW, ABCR, and Solaronix) and used without purification. Unless otherwise stated, all reactions were carried out under inert gas (Argon) in anhydrous solvent. Sodium acetate was dried under high vacuum at 120 ∘ C for 3 h. 1 H and 13 C NMR spectra were recorded at 298 K on a 5 mm broadband inverse probe using a Bruker Avance 400 NMR spectrometer at 400.1 and 100.6 MHz, respectively. Chemical shifts ( ) in ppm are calibrated to residual solvent peaks (DMSO: = 2.49 and 39.5 ppm, resp.). Coupling constants are reported in Hz and for 1 H NMR data coupling patterns are described as s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and br = broad and for 13 C NMR data as s = quaternary carbon, d = CH, t = CH 2 , and q = CH 3 . For the 1D and 2D NMR experiments standard Bruker pulse programs and measuring parameters were applied. Double quantum filtered homonuclear correlation spectroscopy (DQF-COSY), gradient selected heteronuclear single quantum coherence (gHSQC), and heteronuclear multiple bond coherence (gHMBC) were used for 1 H and 13 C NMR chemical shift assignments (w = weak correlation peak). Some of the compounds were only poorly soluble in DMSO and, therefore, the signal to noise of the 1D 13 C NMR spectra was rather low (S15, Hepta3, Hepta4, Hepta5, and Hepta6). In some cases, resonances of quaternary carbons were missing in these spectra (S11 and S13) or only 2D correlated NMR data was recorded (Hepta1 and Hepta7). Copies of all spectra are provided in the Supplementary Material available online at http://dx.doi.org/10.1155/2014/258984. MS data were recorded on a Bruker maXis-ESI-Q-TOF mass spectrometer (ESI-QTOF) or on a HiRes-ESI IonSpec Varian Ultima-ESI FTICR-MS spectrometer (USA). Elemental analyses for C, H, N, and O were measured by an apparatus from LECO. The elements Cl, Br, and I were determined by titration or with ion chromatograph after Schoeniger digestion. IR spectra were recorded on a Bruker Tensor 27 with ATR configuration. UVvis spectra of the dyes in solutions were recorded on a Varian Cary 50 Scan spectrometer in a 1.0 cm square cuvette. Cyclic voltammetry measurements were performed on a PGStat 30 potentiostat (Autolab) using a three-cell electrode system consisting of a rotating gold working electrode, platinum counter electrode, and Ag/AgCl (0.1 M tetrabutylammonium chloride in anhydrous DMF or acetonitrile) reference electrode. Thermogravimetric analysis (TGA) was performed on a Netzsch TG 209 F1 under nitrogen atmosphere.
Synthesis.
More information about the precursors S1-S8, a detailed description of the synthesis, and characterization of the precursors and half dyes S9-S16 is given in the Supplementary Material.
International Journal of Photoenergy 3 . Half dye S11 (1.54 mmol, 0.92 g) was dissolved in anhydrous ethanol (40 mL). Subsequently, 6-carboxy-1-ethyl-2-methylquinolin-1-ium bromide S10 (1.54 mmol, 0.46 g) and sodium acetate were added to the solution at room temperature. Then, the reaction mixture was heated to reflux for 1 h, and the product started to precipitate. In order to dilute the thick suspension, ethanol (40 mL) was added and heating was continued for 15 h under vigorous stirring. Finally, the suspension was chilled to room temperature. The precipitate was collected by filtration, washed with cold ethanol three times (50 mL), and dried under reduced pressure at 40 ∘ C to yield the dye Hepta1
2-(2-(3-(2-(6-Carboxy
(0.77 g, 75% -18 ), 20.6 (t, C-19), 11.7 (q, C-36). HMBC correlations: H-3 → C-(1, 2w, 5, 10), H-4 → C-(2, 6), H-5 → C-(1, 3), H-6 → C-(1w, 2, 4, 7), H-7 → C-(1w, 2, 6, 9), H-8 → C-(1, 10), H-13, 14 → C- (10, 11, 12, 13, 14) , H-15 → C- (11, 12w, 17) , H-16 → C- (12, 18, 22) , H-18 → C- (19, 20, 21w, 22) . Half dye S13 (4.41 mmol, 3.00 g), 6-carboxy-1-ethyl-2-methylquinolinium bromide S10 (4.41 mmol, 1.30 g), and sodium acetate (8.8 mmol, 0.72 g) were suspended in ethanol (120 mL). The reaction mixture was heated to reflux for 18 h and subsequently cooled to room temperature. The precipitate was isolated by filtration, washed with cold ethanol twice (50 mL), and dried at 40 ∘ C under reduced pressure. For further purification, the product was recrystallized from methanol to yield brown crystals of Hepta2 (1.98 g, 56%). 
-1-ethylquinolin-2(1H)-ylidene) ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-1,1-dimethyl-3- octyl-1H-benzo[e]indol--3 → H-(4), H-4 → H-(3, 5), H-5 → H-(4, 6), H-6 → H-(5), H-7 → H-(8), H-8 → H-(7), H-15 → H-(16), H-16 → H-(15), H-18 → H-(19), H-19 → H-(18, 20), H-20 → H-(19), H-23 → H-(24), H-24 → H-(23), H-26 → H-(27), H-27 → H-(26), H-30 → H-(31), H-31 → H-(30, 33), H-33 → H-(31), H-35 → H-(36), H-36 → H-(35, 37), H-37 → H-(36), H-41 → H-(42), H-42 → H-(41), H-43 → H-(44), H-44 → H-(43
2-(2-(3-(2-(5-Carboxy
Half dye S12 (4.9 mmol, 3.00 g), 5-carboxy-2,3,3-trimethyl-1-octyl-3H-indol-1-ium iodide S8 (4.9 mmol, 2.16 g), and sodium acetate (9.8 mmol, 0.8 g) were suspended in ethanol (120 mL) and heated to reflux for 48 h. Then, the suspension was cooled to room temperature and stored at 4 ∘ C overnight. The precipitate was collected by filtration. For further purification, the dye was recrystallized from methanol twice (60 mL) to yield green crystals of Hepta3 (0.61 g, 18% 
2-(2-(6-(2-(5-Carboxy-3,3-dimethyl-1-octylindolin-2-ylidene)ethylidene)-3,4,5,6-tetrahydro-[1,1 -biphenyl]-2-yl)vinyl)-1-octylquinolin-1-ium Iodide (Hepta4).
Half dye S16 (3.8 mmol, 2.50 g), 5-carboxy-2,3,3-trimethyl-1-octyl-3H-indol-1-ium iodide S8 (3.8 mmol, 1.69 g), and sodium acetate (8.9 mmol, 0.6 g) were suspended in ethanol (60 mL) and heated to reflux for 48 h. Then, the suspension was cooled to room temperature and stored at 4 ∘ C for 12 h. Subsequently, the precipitated starting material was removed by filtration. The volume of the filtrate was reduced to half under reduced pressure and stored at 4 ∘ C for 20 h. Finally, a fine crystalline powder precipitated, which was collected by filtration. The crude product was further purified by recrystallization from ethanol to yield the pure dye Hepta4 (0.42 g, 12.6%). m.p. 160 
4-(2-(3-(2-(5-Carboxy-3,3-dimethyl-1-octylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-1-octylquinolin-1-ium Perchlorate (Hepta5).
Half dye S14 (6.52 mmol, 4.00 g), 5-carboxy-2,3,3-trimethyl-1-octyl-3H-indol-1-ium iodide S8 (6.52 mmol, 2.89 g), and sodium acetate (13.04 mmol, 1.08 g) were suspended in ethanol (160 mL) and heated to reflux for 96 h. Then, the suspension was cooled to room temperature. Precipitated half dye was separated by filtration. The volume of the filtrate was concentrated to half under reduced pressure and, subsequently, slowly dropped to a warm (60 ∘ C) ethanolic sodium perchlorate solution (50 mL, 7 wt%). In order to complete ion exchange, the solution was stirred and heated for 1 h. Finally, the solution was slowly cooled to room temperature and stored at 4 ∘ C for 5 d. 
2-(2-(3-(2-(5-Carboxy-3,3-dimethyl-1-octylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3-ethylbenzo[d]thiazol-3-ium Iodide (Hepta6).
Half dye S15 (1.87 mmol, 1.00 g), 5-carboxy-2,3,3-trimethyl-1-octyl-3H-indol-1-ium iodide S8 (1.87 mmol, 0.83 g), and sodium acetate (4.1 mmol, 0.33 g) were suspended in ethanol (50 mL) and heated to reflux for 18 h. After the reaction, the suspension was cooled to room temperature. The precipitated starting materials were removed by filtration. The filtrate was reduced to half under reduced pressure and stored at −20 ∘ C for 14 h. Subsequently, the viscose suspension was dropped into hexane (50 mL) and stored at 4 ∘ C for 15 h until fine green shiny crystals precipitated. The crystals were isolated by filtration and recrystallized from ethanol (30 mL) to yield the dye Hepta6 (0. 
5-Carboxy-2-(2-(2-chloro-3-(2-(
Half dye S11 (2.55 mmol, 1.52 g) and anchor group S8 (2.9 mmol, 1.29 g) were dissolved in ethanol (50 mL) and heated to reflux under argon for 96 h. Then, the mixture was slowly cooled down to −15 ∘ C and stored at this temperature overnight. Since no product crystallized the solution was warmed up to room temperature and the desired crude product was isolated by slow crystallization from ethanol/diethyl ether mixture. Further purification by recrystallization from ethanol yielded pure dye Hepta7 (1.3 g, 65%) . 
DSC Preparation.
State-of-art cells were prepared with several titania photo anodes (0.36 cm 2 ) printed on FTO glass (2.2 mm thick and 7 Ohm/sq). The layering used for high efficiency cells was as follows (see Supplementary Figure S2 ): around 12 m of 18 nm TiO 2 nanoparticles (Solaronix TiNanoxide T/SP) and 3 m of over 100 nm TiO 2 nanoparticles (Solaronix Ti-Nanoxide R/SP). For testing purpose sometimes 4 m thick layers of 18 nm TiO 2 nanoparticles were used without addition of the scattering layer.
TiCl 4 pretreatment and posttreatment were performed to optimize titania's adhesion, porosity, and specific area. The counter electrode was prepared by paint brushing three layers of Solaronix Platisol T, leading to the formation of a platinized catalytic layer after firing at 400 ∘ C. The photoanodes were then sensitized using the various dyes in different solvents with or without chenodeoxycholic acid as coadsorbent to limit dye aggregation. The working and counter electrodes were joined together using a 60 m spacer (or 25 m for 4 m thick electrodes). The cells were then backfilled with an electrolyte based on acetonitrile containing 0.5 M of dimethyl propyl imidazolium iodide, 0.5 M of 4-t-butylpyridine, 0.1 M of lithium iodide, and 50 mM of iodine. For accurate measurement the cells were masked. The total active area was 0.36 cm 2 .
Large-Area DSC Preparation with
Hepta4. Thickness of the TiO 2 layer was 14 m with an additional scatter layer of 4 m. For immersion, the optimal concentration was 0.5 mM for Hepta4 and 10 mM for CDCA in methanol. The electrolyte was AN50 from Solaronix with a concentration of 50 mmol of I − /I 3 − in acetonitrile.
Characterization of the DSCs.
The DSCs were characterized using a SolarSim 150 (Solaronix) previously calibrated. The measurements were carried out under one sun (1000 W/m 2 , AM-1.5G) on masked cells (active area 0.36 cm 2 ). for the reactions are alcohols, acetic acids, acetic anhydride, or mixtures of them. By adapting this reaction condition and stepwise condensation reaction via a half dye intermediate, unsymmetrical heptamethine dyes are achievable. Remarkably, despite equimolar amounts of the starting materials, the use of a catalyst often causes symmetrical side products in the first step which entails elaborate purification by column chromatography. Here, the first Knoevenagel condensation reaction step was carried out at equimolar conditions in anhydrous ethanol under inert gas without catalyst at reflux temperature. The activity of the alkylated heterocycles S1-S5 (see Supplementary Material) is sufficient enough to selectively react with the corresponding dianils S6 and S7 to its half dyes S11-S16 while the second condensation reaction step to the symmetrical full dye is prevented. The half dyes precipitate in the reaction mixture directly or after chilling and can be further purified by recrystallization. The anchor moiety (the second heterocycle S8 or S10) is condensed to the corresponding half dye via a second Knoevenagel reaction step under catalyzed condition (anhydrous sodium acetate) in anhydrous ethanol. The resulting unsymmetrical heptamethine dyes Hepta1-Hepta7 also precipitate in the reaction solution and can be further purified via recrystallization. As an example, a detailed reaction scheme is given for the synthesis of Hepta4 (Scheme 1).
Results and Discussion
Optical Properties.
Optical data and UV-vis spectra in ethanol of the unsymmetrical heptamethine dyes Hepta1-Hepta7 and, for comparison, symmetrical heptamethine dyes symHepta1-symHepta3 are provided in Table 1 and Supplementary Material. In general, heptamethine dyes are characterized by their specific spectral properties exhibiting highly intense and narrow absorption bands. Seven methine units and large aromatic terminals lead to bathochromically shifted absorption in the NIR domain. The extraordinary optical properties furthermore require a uniform C-C bond length (no bond-length alternation), the maximum alternation of the positive and negative partial charge of the carbon atoms in the polymethine chain, and a high symmetry of the dye chromophore [20] . The symmetrical dyes symHepta1-symHepta3 with identical structural and chemical termination achieve the cyanine limit resulting in maximum bathochromy of max and highest values of . In the case of Hepta7, the electronic structure of the polymethine chain remains unaffected by the additional carboxylic acid function. Thus, the dye exhibits the same optical properties as its corresponding symmetrical dye. The unsymmetrical combination of heterocycles with different basicity in Hepta1, Hepta2, Hepta3, Hepta4, and Hepta6 causes a symmetry break resulting in a slight hypsochromic shift of the max value, a noticeable decrease of the extinction coefficient at max , and additional weak absorption at around 400 nm. In principal, Hepta5 has to be classified as nonamethine dye because of additional methine units between the nitrogen atoms inducing a distinct hypsochromic shift of max of almost 100 nm and the lowest value at max of all unsymmetrical dyes. For almost all dyes, the value of the oscillator strength is greater than unity because more than one electron is involved in the optical transition and the electronic system is somehow degenerated.
Electrochemical Properties.
Cyclic voltammetry measurements were performed for all unsymmetrical dyes in DMF solution. The results are presented in Table 2 and the voltammograms are shown in the Supplementary Material. For most dyes, broad and irreversible oxidation and reduction waves were observed within the potential range of DMF. According to the literature [21] , all unsymmetrical dyes undergo an irreversible oxidation and their radical dications couple to form stable dimers. Therefore, the first reduction and oxidation potential ( red , ox ) were roughly estimated from the corresponding anodic or cathodic peak potentials. Remarkably, symmetrical dyes exhibit reversible oxidation and reduction processes (e.g., see voltammogram of symHepta2 in Supplementary Material). With regard to application in DSC, efficient electron injection from the reduction level of the dye into the conduction band of the semiconductor is mandatory. But, the reduction potential of All other unsymmetrical dyes fail under applied conditions in the DSC exhibiting very low or negligible SC values. Actually, it is not obvious that only Hepta4 is suitable for an application in DSC.
Although data from electrochemical measurements and calculated electron density distributions of the LUMO level strongly indicate unfavourable injection conditions, electrons are nevertheless injected efficiently upon excitation from Hepta4 into the semiconductor conduction band. This underlines the above mentioned interaction of the electrons in the LUMO level with the semiconductor surface as probable electron transfer route.
A nonoptimized large-area cell (90 cm 2 , < 1%) with Hepta4 as sensitizer was prepared in order to prove the NIR absorption concept. Figure 3 presents the UV-vis absorption spectrum of Hepta4 as well as the electrolyte in solution and the transmission spectrum of the complete solar cell. Figure 4 provides a photograph of this DSC. The color of the solar cell is pale green and the cell itself is highly transparent. Because of the NIR absorption property of Hepta4, a transmittance of 40-55% in the visible range of 400-700 nm is achievable. The reduction of the transmittance occurs because of the absorption band of the electrolyte at 300-500 nm and the extensive tailing of the absorption band of the dye down to 500 nm. Here, an improvement could be achieved by the application of a colorless electrolyte system ( < 350 nm) and a dye with max > 900 nm. Nevertheless, the high potential of the unsymmetrical heptamethine dyes for transparent and colorless DSC could be outlined.
Conclusions
In summary, we have synthesized and characterized seven different unsymmetrical heptamethine dyes equipped with one carboxylic acid anchor group. The use of chemically different heterocycles terminating the polymethine core causes a symmetry break with the strongest influence on the optical properties. Although the redox level of the dyes and the calculated electron density contribution let us suspect limited usability of the dyes, Hepta4 exhibits a notable overall conversion efficiency of 1.22% in a DSC with TiO 2 as semiconductor. The synthesis of dyes with max > 900 nm and different counter ions and the preparation of solar cells with different semiconductors (e.g., SnO 2 ) and electrolytes as well as lifetime tests are still ongoing work.
Supplementary Material available: synthetic procedures and characterization of precursors and half dyes, UV-vis spectra, voltammograms, frontier orbitals of the unsymmetrical heptamethines, and a SEM cross section image of a DSC are provided.
